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A simultaneous lifetime and relative g-factor measurement of the 2+1 levels in 138,142Ce was performed
using the Time Dependent Recoil Into Vacuum (TDRIV) technique. The excitation mechanism was
Coulomb excitation in inverse kinematics, and the experimental setup included the Yale plunger device
and the Gammasphere array. The latter was used to extract angular distributions for the 2+1 → 0+
γ -ray transitions at various target-to-stopper distances. A g(2+1 ) factor of 0.26(8) for 138Ce was obtained
relative to the literature value of g(2+1 ) = 0.21(5) in 142Ce. In addition, high-precision values of the
B(E2;2+1 → 0+) strengths were obtained. The new data support a proposed subshell closure for the
π g7/2 orbital at Z = 58.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Studying collective excitations in nuclei gives insight into the
mechanisms responsible for driving these strongly interacting
many-body systems toward deformation. Highly correlated col-
lective structures originate from a coherence in the independent
motion of the neutrons and protons in a mean ﬁeld modiﬁed by
the residual interactions between the nucleons. Investigations of
isoscalar and isovector excitations in a chain of isotopes provide
extensive complementary information on the proton–neutron in-
teraction. Often, the underlying single-particle structure has been
found to inﬂuence the stability of such collective excitations, show-
ing an interesting interplay between collective and the single-
particle degrees of freedom [1,2]. This competition results in an
evolution of nuclear properties with N and Z , as well as with ex-
citation energy and angular momentum.
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Open access under CC BY licenseIn recent studies along the N = 80 134Xe [3], 136Ba [4] and
138Ce [5] isotones, a large impact of the single-particle structure
on collective mixed-symmetry states (MSSs) was observed. In the
framework of the interacting boson model-2 [6,7], MSSs are de-
scribed as excitations in which protons and neutrons move par-
tially out of phase. Their fully-symmetric analog states (FSSs), i.e.,
2+1 states in even–even nuclei, where the two types of nucleons
move in phase, have similar conﬁgurations and are lower in exci-
tation energy. A characteristic property of MSSs is their connection
to FSSs with the same number of quadrupole bosons via strong M1
transitions.
In 138Ce, the M1 transition strength between the higher-lying
(2+1,ms) mixed-symmetry level and the ﬁrst excited 2+ state was
found to be fragmented [5]. In contrast, in 134Xe [3] and 136Ba [4]
the M1 strength remains largely concentrated in a single transi-
tion. Moreover, the total measured M1 strength is smaller for 138Ce
than for the other isotones. These observations were attributed
to a lack of shell stabilization in 138Ce [5], based on calculations
within the quasiparticle–phonon-model (QPM) [8,9]. In this con-
cept, the purity of the 2+1,ms state gets “washed out” in 138Ce due
to its single-particle structure. In a simpliﬁed independent-particle
model, the complete ﬁlling of the π g7/2 orbital at Z = 58 leads
to conﬁgurations involving the higher-lying πd5/2 orbital for the
FS and MS one-phonon 2+ states. Multi-phonon 2+ states have.
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MSS with nearby, higher-seniority 2+ states can occur in 138Ce,
in contrast to 134Xe and 136Ba, where the π g7/2 orbital is not fully
occupied and the 2+1,ms state remains rather pure. Extending the
shell stabilization concept to 140Nd, one would expect a similar
fragmentation of M1 strength as in 138Ce. However, although both
2+3,4 → 2+1 decays have dominant M1 character [10], only the ab-
solute B(M1;2+4 → 2+1 ) strength has been measured [11], and no
ﬁnal conclusion can be drawn at this point.
Large-scale Shell Model (LSSM) calculations were also carried
out [12] to study the evolution of MSSs in the N = 80 isotones.
The wave functions of low-lying states in all N = 80 isotones up to
Z = 60 revealed signiﬁcant mixing of the π g7/2 and d5/2 conﬁgu-
rations and no pronounced shell closure was found [12]. Additional
pairing strength was needed to achieve agreement in total M1
rates. However, the fragmentation of the M1 strengths was not re-
produced quantitatively. Contrary to the QPM, the LSSM predicts
an isolated MSS in 140Nd.
Due to the conﬂicting conclusions on a π g7/2 subshell closure
within the two models, the main components of the states in ques-
tion need to be veriﬁed experimentally. The magnetic moment of
a state is a sensitive probe of its wave function. Therefore, a mea-
surement of the g factor of the 2+1 level in Z = 58, 138Ce was
performed for the ﬁrst time using Gammasphere and the Time
Dependent Recoil Into Vacuum technique (TDRIV). The 2+1 level
in this nucleus is the fully-symmetric analog of the 2+1,ms state
[12]. Constraining the proton–neutron contributions in the wave
function of the 2+1 state serves as a direct test for whether en-
hanced pairing strength is needed in the region, which impacts the
structure and purity of MSSs. In addition, the simultaneous high-
precision re-measurement of B(E2)↓ = B(E2;2+1 → 0+) strengths
gives further insight into the existence of a possible subshell at
Z = 58.
2. Experimental technique
Low-lying excited states in 138,142Ce were populated via Cou-
lomb excitation in inverse kinematics. 142Ce and 138Ce beams of
intensity ∼1.7 enA and energies of 494 MeV and 480 MeV, re-
spectively, were provided by the ATLAS accelerator at Argonne
National Laboratory. The experimental setup consisted of the Yale
plunger device [13] positioned at the center of the Gammasphere
array [14] comprising 100 HPGe detectors arranged in 16 rings.
The plunger hosted a 0.85-mg/cm2-thick 24Mg target for Coulomb
excitation, followed by a natCu stopper of 15.7 mg/cm2 thickness
that stops the beam but allows the target recoils to pass through.
The target-to-stopper distance, dm , (relative to the point of elec-
trical contact) was varied between ∼1 μm and 3 mm to enable a
lifetime analysis of the states populated in the reaction with the
Recoil Distance Doppler Shift (RDDS) method [15], as well as to
measure the deorientation of the nuclear spin in vacuum. The Mg
recoils were detected by a 300-mm-thick silicon detector kept at
0◦ with respect to the beam axis, at a distance of ∼8 mm behind
the target. This detector covered a laboratory solid angle of ±29.7◦ .
Angular distributions of deexciting γ rays were extracted at all
target-to-stopper distances. A particle–γ coincidence, or a down-
scaled particle-singles or γ -singles event trigger, was required.
Transitions from excited states in 138,142Ce are displayed in
Fig. 1. The average velocities, v , of 138,142Ce recoils, calculated from
the observed Doppler shifts of the 2+1 → 0+ transitions, are 5.6%
and 5.8% of the velocity of light, respectively. Due to such large
velocities, the Doppler-shifted components of γ transitions (SH)
are well separated from the ones emitted from the nuclei at rest
(US) for the detector rings with azimuthal angles less than 58◦Fig. 1. Gamma-ray spectra of 142Ce (a) and 138Ce (b) for the target-to-stopper dis-
tances of 2 μm, 5 μm, 10 μm and 15 μm added together and measured in a forward
detector ring of Gammasphere. The visible 2+1 → 0+ and 4+1 → 2+1 transitions are
labeled. The 2+1 → 0+ transition originating from the excitation of the Mg target is
also visible. Gamma rays marked as (*) belong to small amounts of beam contami-
nants and background.
Fig. 2. Gamma-ray spectrum from 138Ce for a detector ring at 79.2◦ . Monte Carlo
simulations for different components are shown with dashed lines.
and greater than 122◦ with respect to the beam axis (see insets
in Fig. 1). For angles near 90◦ , Monte Carlo simulations were used
to estimate the centroids and shapes of SH and US components.
The Monte Carlo code [16,17] simulates the time behavior of the
velocity of the ions of interest in three dimensions. It takes into
account the reaction kinematics, the slowing down in the target
and stopper, and the free ﬂight in vacuum. Details about the de-
termination of stopping powers can be found in Ref. [18]. A γ -ray
spectrum for the 79.2◦ detector ring is compared in Fig. 2 to the
Monte Carlo simulations ﬁtting the relative heights of the various
peak components. A more detailed description of a similar anal-
ysis, including the ﬁt of the stopping component at forward and
backward angles is provided in Refs. [19,20].
3. Results
The angular distributions of the 2+1 → 0+ transitions are de-
scribed by the standard formalism [21] for perturbed particle–γ
correlations as
W (t, θγ ) =
∑
k=0,2,4
QkBkRkGk(t)Pk
(
cos(θγ )
)
, (1)
where the Qk coeﬃcients take into account the attenuation due
to the ﬁnite solid angle of the Ge detectors [22], Bk are the m
state distribution coeﬃcients, Rk are the Racah coeﬃcients [21],
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2+1 → 0+ transition in 138Ce at different measured distances, dm , between target
and stopper.
Pk(cos(θγ )) are the associated Legendre polynomials, and Gk(t)
are the time-dependent vacuum attenuation coeﬃcients, ﬁrst in-
troduced on the basis of the theory of Abragam and Pound [23].
As the nuclei emerge from the target, a loss of alignment of
the nuclear spin is observed due to hyperﬁne interactions. The
resulting reduction in the anisotropy of the particle–γ angular cor-
relations is represented by the Gk(t) factor in Eq. (1). According
to the static approach discussed in Refs. [19,24–28], requiring the
electronic lifetimes to be considerably larger than the average life-
time of the nuclear state, the deorientation coeﬃcients Gk(t) are
related to the g factor of the state by
Gk(t) = αk + (1− αk)e−Γkt; Γk = |g|Ck . (2)
Herein, the αk coeﬃcients deﬁne the anisotropy of the γ angu-
lar distribution at t → ∞ [29] and Ck are the hyperﬁne interaction
parameters, which can be calibrated from a known g factor of a
state in the same isotopic chain [24]. Using the TDRIV technique,
relative g factors are obtained, and in this experiment, the known
g(2+1 ) = 0.21(5) factor in 142Ce [30] served as a reference value.
Identical beam characteristics for 138,142Ce were maintained, result-
ing in similar charge state distributions and hyperﬁne interaction
strengths after Coulomb excitation. Particle-γ angular correlations
as a function of time were obtained by varying the target-to-
stopper distance. Normalized γ -ray angular distributions measured
for the unshifted components of the 2+1 → 0+ transition in 138Ce
at different distances are presented in Fig. 3. A relativistic Lorentz-
boost factor for the solid angle was introduced to correct the inten-
sities of Doppler-shifted γ rays [31]. The degree of isotropy of the
angular distributions increases with distance. This is a clear indica-
tion of deorientation due to the hyperﬁne interactions. To extract
the Gk(t) coeﬃcients, the normalized experimental angular distri-
bution curves were ﬁtted to the function
W (t, θγ ) = 1+
∑
k=2,4
Ak(t)Pk
(
cos(θγ )
)
, (3)
where Ak(t) = QkBkRkGk(t). The Coulomb excitation code of
Winther and De Boer [32] provided the statistical tensors, ρk ,
required to calculate the Bk coeﬃcients. For the unshifted com-
ponent of the transition, the time t for deorientation is deﬁned
by the target-to-stopper distance, while, for the shifted one, time
varies in the interval [0,d/v]. As shown in [19], the in-ﬂight deori-
entation coeﬃcients take into account the decay of the state and
are given by
G˜k(t) =
∫ t
0 e
−λt{αk + (1− αk)e−Γkt}dt∫ t e−λt dt , (4)0Fig. 4. The experimental deorientation coeﬃcients, G2,4 and G˜2,4 ((a), (c)) extracted
from the unshifted and shifted components, respectively, of 2+1 → 0+ transitions in
138Ce. The corresponding coeﬃcients for 142Ce are shown in (b), (d).
where λ is the decay constant. The deorientation coeﬃcients for
138,142Ce and for k = 2,4, are displayed in Fig. 4.
To obtain the g factor of a nuclear state from the experiment-
ally-deduced deorientation coeﬃcients, the level lifetime, τ , is re-
quired. As a ﬁrst estimate, the literature values for the 2+1 states
in 138,142Ce [30] were adopted. The resulting deorientation coef-
ﬁcients were fed back into a separate lifetime analysis described
below in an iterative approach until convergence was achieved.
Lifetimes were obtained via the RDDS method [15]. The ratios of
the shifted intensities, ISH, corrected for the Lorentz boost and de-
orientation, to the total intensities, P = ISH/(ISH + IUS) are plotted
as a function of distance in Fig. 5. A single exponential decay func-
tion of the form P (d) = 1 − exp(−λd/v) was ﬁtted to the data to
obtain the lifetime of the 2+1 level in 138Ce. In the equation above,
d = dm + d0, with dm being the measured distance between the
target and the stopper, and d0 is the offset, corresponding to the
minimum achievable distance without electrical contact. Indepen-
dent ﬁts from 16 detector rings resulted in a precise determination
of this offset, which was then fed into the ﬁt of deorientation data.
In 138Ce, the population of higher-lying states is negligible (see
Fig. 1). The 4+1 state at 1477 keV is populated with an approx-
imate 1% probability with respect to the 2+1 level. The observed
4+1 → 2+1 transition has a dominant Doppler-shifted component,
even for the smallest, 2 μm, target-to-stopper distance. Consider-
ing the velocity of the 138Ce recoils, and the total ﬂight distance
including the 13 μm offset, a lifetime of less than 1 ps was esti-
mated for the 4+1 state. The effect of this feeding on the intrinsic
lifetime of the 2+1 state in 138Ce is less than 1% and is included
in the adopted uncertainty. In 142Ce, a feeding correction from the
higher-lying 4+1 level with a lifetime of 10.8(10) ps [30] had to be
considered. The decay probability curve for this nucleus was ﬁtted
with a combined exponential decay function of the form
P (d) = P0
(
1− e −λ0dv )+ P1
(
1− λ1e
−λ0d
v − λ0e
−λ1d
v
λ1 − λ0
)
. (5)
Here, P0, λ0 and P1, λ1 are the respective population probabil-
ities and decay constants of the 2+1 and 4
+
1 states. For
142Ce,
P0 was 97% and P1 3%, as given by the Winther–De Boer code
[32]. These numbers were veriﬁed by the measured 4+1 → 2+1 and
2+1 → 0+ intensities. Lifetimes were obtained for the 16 detector
rings and the weighted averages are adopted in Table 1 in compar-
ison to literature values, along with the extracted B(E2)↓ values
for 138,142Ce. The present results are in good agreement with pre-
vious measurements and present a signiﬁcant improvement in the
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Parameters from simultaneous ﬁts of the experimental deorientation parameters for 138,142Ce, see text for details.
Isotope α2 Γ2 α4 Γ4 τ (ps) B(E2)↓ W.u.
This work Literature [30]
142Ce <0.18 0.11(3) 0.06(4) 0.40(3) 8.19(9)a 8.02(17) 20.98(23)b
138Ce <0.43 0.16(8) 0.15(10) 0.50(10) 2.84(6)a 2.97(20) 22.32(31)b
a Adopted values are the weighted average of 16 rings of Gammasphere.
b Extracted from the measured lifetime of the 2+1 level.Fig. 5. Probability of in-ﬂight decay as a function of target-to-stopper distance for
138Ce (a) and 142Ce (b). Data and lifetime from a forward detector ring at an az-
imuthal angle of 37.4◦ are presented.
precision, especially for 138Ce. To extract the αk and Γk factors, the
experimental deorientation coeﬃcients for shifted and unshifted
components were ﬁtted simultaneously with Eqs. (2) and (4). Only
data points where signiﬁcant numbers of counts were observed
in the respective peaks were included. The resulting deorientation
coeﬃcients are listed in Table 1. The obtained α2 coeﬃcients are
close to zero with a large uncertainty for both the Ce isotopes,
therefore only upper bounds are provided. The weighted average
of the ratio, Γk(
138Ce)
Γk(
142Ce)
is 1.25(24) resulting in an absolute value of
the relative g factor of the 2+1 state in 138Ce of 0.26(5)(6). The ﬁrst
error is statistical while the second is inherited from the exist-
ing 142Ce g factor [30]. The short lifetime of the 2+1 level in 138Ce
posed a challenge for observing the deorientation of the angular
distributions. However, this Letter reports the ﬁrst measurement
of an unknown g factor using the TDRIV technique in combination
with Gammasphere. Only the large angular coverage and granular-
ity of the array enabled the observation of this small effect. In view
of the remaining large uncertainty, an absolute g-factor measure-
ment using the transient-ﬁeld technique should be performed on
142Ce, where higher precision can be achieved due to the longer
lifetime of the 2+1 state.
4. Discussion
Assuming a positive sign for the g(2+1 ) factor in 138Ce, the re-
sult is a direct test of the wave function of the state. Hence, the
new data contribute to the recent discussion on the π g7/2 sub-
shell closure. In the following, the B(E2)↓ strength and the new
experimental value of g(2+1 ) factor in 138Ce are compared to pre-
dictions of the QPM and LSSM calculations [see Fig. 6(a, b)].
The g factors calculated within the QPM drop toward Z = 58,
in accordance with a decreasing importance of proton contribu-
tions to the 2+1 wave function, in the presence of a π g7/2 subshell
closure [see Fig. 6(b)]. Data up to Z = 56 suggest rather constant
g(2+1 ) factors, in fair agreement with the QPM. The present result
at Z = 58 does support a drop, however, a near-constant behavior
cannot be ruled out in view of the uncertainty for the measured
value. A constant trend of the g(2+) factors would be expected1Fig. 6. QPM and LSSM [12] predictions for the B(E2)↓ (a) and g factor (b) of the 2+1
states in the N = 80 isotones. The corresponding experimental values are shown for
comparison.
for rather pure π g2σ7/2 (σ = 1,2,3) conﬁgurations, until Z = 58 is
reached. Similarly, the experimental B(E2)↓ values are reproduced
well by QPM for Z < 60. However, a sudden rise in B(E2) strength
for Nd is not predicted by the model.
The new data discriminate between two LSSM predictions by
the Strasbourg group [12] for 138Ce. The ﬁrst used the GCN5082 in-
teraction, derived from a realistic nucleon–nucleon Bonn-C poten-
tial within the gdsh valence space, and the second was obtained
after modifying the pairing matrix elements of the same interac-
tion. The two calculations led to signiﬁcantly different results for g
factors. As seen in Fig. 6(b), the result from the original interaction
is excluded by the measurement by more than 2σ , whereas the
prediction with enhanced pairing lies within the present error bar.
Hence, modiﬁcations in the pairing interaction, as applied to the
GCN5082 interaction, appear to be necessary for a good descrip-
tion of the nuclear wave functions at Z = 58. In contrast, when
considering also the 132Te [24], 134Xe [33] and 136Ba [34] isotones,
the recent data are markedly different from the predictions of the
interaction with enhanced pairing. The original GCN5082 interac-
tion appears to reproduce the observations better below Ce. This
may indicate that an enhanced pairing interaction is of higher im-
portance at Z = 58, where the π g7/2 orbital is ﬁlled.
In recent work on 140Nd [35], a modest suppression of the
B(E2)↓ strength at Z = 58 had been discussed as a signature of the
subshell closure at Z = 58. However, the literature B(E2)↓ value
had an error bar of about 8%. In the present TDRIV experiment,
level lifetimes are obtained with high precision, and the statisti-
cal error is reduced to about 1.5%. The deviation from a near-linear
trend in B(E2)↓ values pointed out in Ref. [35] is now conﬁrmed
and the new B(E2)↓ value in 138Ce agrees well with the LSSM pre-
diction, similar to that observed for the lower-Z isotones.
F. Naqvi et al. / Physics Letters B 728 (2014) 303–307 307To summarize, the g(2+1 ) factor in 138Ce was measured rela-
tive to that in 142Ce employing the TDRIV technique in inverse-
kinematics Coulomb excitation. The resulting value is in good
agreement with a LSSM calculation explicitly modifying pairing
matrix elements. The measured B(E2)↓ value in 138Ce supports
a subshell closure at Z = 58. These results underline the conclu-
sion from Ref. [12] that the pairing interaction is important for
a correct understanding of proton–neutron symmetry in low-lying
collective states at Z = 58. In order to differentiate between, and
to give stronger constraints to QPM and LSSM calculations, the ref-
erence g(2+1 ) factor in 142Ce should be remeasured with higher
precision.
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